This study is intended to present a straightforward and computationally efficient methodology for optimizing the process parameters of friction stir welding (FSW) of 6061 aluminum alloy. In particular, it is shown how to minimize the heat affected zone (HAZ) distance to the weld line in the joined parts using a Taguchi optimization method and a temperature-field finite element model. The peak temperature during the process has also been minimized. Since the method is used for the first time in relation to the HAZ objective function, an auxiliary full factorial search is conducted to ensure Taguchi's orthogonal design assumption for the FSW problems. Results confirm that the method can be successfully used for minimizing both the HAZ distance to the weld line and the peak temperature, with a minimal number of simulation runs via orthogonal arrays. In addition, a new ANOVA analysis on the L 9 orthogonal array with three factors is performed and results indicate that among the parameters considered (i.e., the tool rotational speed, transverse speed, and the axial force), the most significant parameter on the weld quality is the rotational speed, followed by the axial force and transverse speed.
Introduction
Friction Stir Welding (FSW), a solid state joining method developed and patented by TWI Ltd., Cambridge, UK in 1991 [1], has attracted significant interest from aircraft and car manufacturers for joining high strength aluminum alloy components. Specific examples include the wrought 6000-series Al-Mg-Si (Cu) alloys that are commonly used in aircraft fuselage skin and automotive body panels, mainly due to their ability to be strengthened by artificial aging after forming. FSW has also been used to produce rocket shells, the panel of the cabin of aircrafts with stringers and beams, hollow panels of wagons, and pipes [2] .
The basic concept behind FSW is simple: A non-consumable rotating tool with a specially designed pin and shoulder is inserted into the abutting edges of the two parts to be joined and traversed along the line of joint (Figure 1) .
The FSW tool primarily serves two functions: a) heating the work piece, and b) flowing the material to produ- Because of various geometrical features of the tool, the material movement around the pin can be complex to study [4] . During the FSW process, the material undergoes intense plastic deformation at elevated temperature, resulting in the generation of fine and equiaxed dynamicrecrystallized grains [5] [6] [7] [8] . Consequently, the fine microstructure in friction stir welds results in good mechanical properties (e.g., the tensile strength for FSW of Al 7039 plates is as high as 311 MPa while the base metal has a tensile strength of 383 MPa [9] ). FSW joints usually consist of four, as opposed to primarily three in "normal" welds, different regions as shown in Figure 1 . a) unaffected base metal; b) heat affected zone (HAZ); c) thermomechanically affected zone (TMAZ) and (d) friction stir processed (FSP) zone (nugget). The formation of these regions is affected by the material flow behavior under the action of the rotating non-consumable tool. The material flow behavior is predominantly influenced by the FSW tool profile, tool dimensions and welding process parameters [8, 10] .
Frictional heat and plastic flow during FSW create fine and equiaxed dynamic-recrystallized grains in the stir zone (SZ) and elongated and recovered grains in the thermomechanically affected zone (TMAZ). The heat affected zone (HAZ) is often identified by means of only material hardness changes as there is no difference in grain structure compared to the base metal. This softened HAZ region can be characterized by the dissolution and coarsening of the strengthening precipitates during friction stir welding [11] . As an example, the precipitation sequence during aging of pseudobinary Al-Mg2Si alloys has been characterized as follows: supersaturated solid solution, needle shaped precipitates ( ''  ), rod shaped precipitates ( ''  ), and β-Mg 2 Si [11] [12] [13] . It is known that needle shaped precipitates correspond to coherent ''  phase, which contributes predominantly to the strength of 6000 series aluminum alloys. During prolonged aging, ''  nee- dless are transformed into semi-coherent '  rod shaped precipitates. Coarsened precipitates and the associated loss of coherency lead to a diminished strengthening effect relative to the needle shaped precipitates [14] .
Motivation and Objective of this Work
As discussed in Section 1.1, the HAZ encompasses the weld region that undergoes softening (i.e., minimum hardness region of the welded part). Beyond the HAZ, no change in the base metal properties is expected. The HAZ is formed in a region which experiences minimum temperature rise during the friction stir welding process, causing dissolution and coarsening of the strengthening precipitates in the joining alloy (see, e.g., [15] for FSW of 6061 aluminum alloy). The closer HAZ is to the weld center, the higher the possibility to merge the weld nugget with fine and equiaxed dynamic-recrystallized grains, and the lower the possibility of hardness decrease of the base metal. As a result, the quality of the welded part can be directly related to the size and position of the HAZ. In addition, one would physically expect that minimizing the HAZ size would affect the peak temperature that often occurs in the workpiece in the vicinity of the tool. The main objective of the present work is to show that using a Taguchi optimization procedure, the FSW process parameters (such as the tool transverse speed, rotational speed, and applied normal force) can be controlled in a way that both the HAZ distance to the weld line and the maximum (peak) temperature in the weld are minimized simultaneously. To this end, following a review of the prediction and optimization models of FSW (Section 2), a case study is established via a thermal model in the COMSOL multi-physics package along with a set of reported experimental data in the literature on SFW of 6061 aluminum alloy (Section 3). Subsequently, the proposed optimization routine is presented and discussed in Section 4. Using an adjusted ANOVA framework for the Taguchi's L 9 orthogonal array with three factors, it is also shown how each process parameter affects the HAZ distance to the weld line as well as the maximum peak temperature. Finally, the optimum levels of the process parameters are identified and validated using confirmation runs. Concluding remarks and potential future developments are included in Section 5.
Prediction and Optimization Models of FSW: Background

Prediction Models
Based on the physics involved (Section 1.1), prediction models of FSW should account for heat transfer, toolpart contact phenomenon, and the material plastic defor-mation. This makes detailed simulations of the process time consuming and complex [16] . A number of different FSW prediction models have been used in the literature by different research groups. The process thermal models were developed, e.g., by Colegrove et al. [17] , Schmidt et al. [18] , and Khandkar & Khan [19] . Computation fluid dynamics (CFD) models have been used, e.g., by Colegrove et al. [20] , and Schmidt & Hattel [21] . Thermomechanical models of FSW have been used, e.g., by Chen & Kovacevic [22] and Schmidt & Hattel [23] .
The most common approach reported on the prediction of FSW processes includes the thermal models, ranging from simple analytical models based on Rosenthal's solutions [24] to three-dimensional numerical models by Kovacevic et al. [25] and Schmidt et al. [26] . Traditionally the thermal models are either transient Lagrangian [25] or stationary Eulerian [26] . The first type allows finite plate dimensions to be used and the transient starting/stopping phases to be studied. The latter type has the advantage of fast solution time and the possibility of using a fine mesh close to the heat source (tool) [27] . The fully coupled Eulerian-Lagrangian approaches for this process are only recently under investigation.
Depending on a given study's objectives, the prediction models of FSW process may be used to investigate different mechanical/thermal/metallurgical properties of the weld. In the study by Myhr & Grong [28] a time-dependent model for determining the 'hardness' of a 6082-T6 aluminum alloy after an arbitrary thermal treatment, such as welding, is presented. In the T6 heat treated condition this alloy exhibits maximum attainable values of hardness and strength due to fine Mg 2 Si precipitates. The model uses a relative fraction between 1 to X d of these particles to interpolate between the maximum and the minimum possible hardness of the material. Heat treatment at an elevated temperature can decrease X d and thereby the hardness [28] [29] . Recently, Larsen et al. [30] proposed a hardness model for the optimization of friction stir welds following the work by Myhr & Grong [29] , which could not predict the real hardness changes in the weld nugget because it did not consider dynamic recystallization during the process. Another prediction of hardness minimum locations during natural aging in 6061-T6 aluminum alloy friction stir welds was carried out by Woo et al. [15] . In their model, the peak temperature profiles were calculated for each characteristic region in the FSW (Figure 2 Thus, the critical temperature for the material to reduce its hardness was identified to be ~430 o C.
Optimization Models
The optimization problems considered in the literature for FSW, in general, are realized by considering a set of process parameters (in most cases, the translational welding speed and the rotational speed or heat input), and a few constraints and objective functions. The use of complex numerical models may become expensive and, in some cases, calculation of reliable analytic sensitivities of objective and constraint functions is prohibitive. While the real welding process is thermo-mechanically coupled in essence, purely thermal models have been among the least expensive models that provide important knowledge on the temperature distribution of a FSW process. Furthermore, they can be used as the first step of, for example, an uncoupled heat transfer, residual stress, microstructure or fatigue analysis [17, 18, [25] [26] [27] . Numerical techniques that are specifically developed to reduce the cost of expensive computer simulations are also available. These include the space and manifold mapping techniques developed by Bandler et al. [31] and Echeverria & Hemker [32] . In these techniques, a mapping between a high-level and low-level model is created and iteratively updated such that when applied to a coarse mesh, a good approximation of the true model is obtained during optimization. In the present work, a similar space mapping technique for FSW [16] is used to convert the three dimensional heat flux due to the heat of deformation to an equivalent two dimensional (surface) heat flux (more details to follow in Section 3).
Nandan et al. [33] presented a genetic algorithm (GA) to determine an optimum set of four process parameters by minimizing the differences between their numerical model and experimental data. The parameters considered were the contact friction coefficient, the extent of sticking between the tool and the workpiece, the heat transfer coefficient at the bottom surface of the workpiece, and the amount of viscous dissipation converted into heat. The objective was to minimize the peak temperature and the time that temperature reaches above a critical limit. Tutum et al. [34] also used a genetic algorithm to solve a multi-objective optimization problem considering residual stress and the tool wear. In the study by Fratini & Corona [35] , the steepest descent optimization method was used to maximize the strength of a friction stir welded lap joint using the welding speed and the tool rotational speed as process variables. The procedure was, however, purely experimental and objective function gradients were obtained using a forward finite difference approach. In the same study, in order to account for uncertainties during the experiments, several identical samples were tested at each set of variables and the final results showed an increase in the joint strength after the optimization. In the study by Gebhard & Zaeh [36] , the authors established an empirical (second order polynomial) relationship between the tool temperature (response) and parameters of the welding including the rotational and transverse speeds. More specifically, the objective of the work was not optimization but rather the modeling and understanding of the FSW process by promptly predicting the effect of changes in welding parameters on the temperature response. In other case studies, trial and error approaches have been used to improve the welding process parameters. An example is given in the study by Shercliff et al. [37] where the welding speed was optimized such that the material in front of the tool was sufficiently softened to allow easy tool traversing. There have also been studies that include trial and error methods for curve-fitting, e.g., the workpiece-backing plate heat transfer coefficient to reduce the difference in calculated and measured temperatures (Khandkar et al. [38] and Schmidt & Hattel [39] ). Recently, Larsen proposed a systematic inverse modeling technique to estimate the workpiece-backing plate heat transfer coefficient in the FSW process [27] and Atharifar used a genetically optimized neural network system to optimize the process parameters in friction stir spot welding [40] .
Jayaraman et al. [41] analyzed the effect of rotational and transverse speeds as well as the axial tool force on the tensile strength of the friction stir welded cast aluminum alloy A319. A full-factorial matrix was used to design the experiments. The Taguchi method has also been used for the optimization of the FSW process parameters using mechanical tests on tensile specimens (Lakshminarayanan et al. [9] ) and for studying the impact resistance of dissimilar metal joints (Chen [42] ).
The Taguchi optimization method is an efficient quality improvement tool that has been receiving attention in several engineering problems, owing to its simplicity and minimal optimization cost requirement based on the concept of orthogonal arrays. The use of trial and error, full factorial, and heuristic search methods such as GA for large-scale optimization problems can be prohibitive due to the high computation times associated with complex simulations/experiments. For instance, for an optimization with four variables and three levels each, a full factorial search would require a total of 3 4 = 81 runs whereas the Taguchi L 9 orthogonal array only requires 9 runs to complete the optimization [43] . In a more intricate example, a process with 8 factors, each with 3 levels, would require 6561 (=3 8 ) experiments in order to test all possible factor combinations. With a Taguchi orthogonal array, only 18 experiments would be necessary, i.e., less than 0.3% of the original number. The method can also be used for screening purposes when the number of variables is high and the key parameters need to be identified before launching the final optimization routine. The main disadvantage of the Taguchi method, however, is that it assumes no interaction among design factors. Thus, it is critical to check the validity of the method for new applications using other methods such as full factorial design, follow-up (conforming) experiments, etc. The method has also been criticized in the literature for designing the product/process quality rather than correcting for poor quality, however this aspect of the method would be more concerned when non-repeatability of process data (noise effect) is high [43] .
The next section presents an application of the Taguchi method with computer simulations for minimizing the HAZ distance to the weld line during a FSW process. Since the method is used for the first time with an HAZ objective function, as addressed above the orthogonality assumption of the search space needs to be verified. To this end, a separate full factorial design has been used and compared to the Taguchi optimization results. A detailed ANOVA framework for assessing the significance of the process parameters is also provided.
Case study
According to the study by Woo et al. [15] , during FSW the regions experiencing the temperature of ~430 o C are the locations of minimum hardness of the 6061 aluminum alloy because of the dissolution and coarsening of the strengthening precipitates (see also Figure 2(b) ). Hence, by decreasing the distance of this region to the weld line, the volume of the region with low hardness can be decreased as it will merge to weld nugget with fine and equiaxed dynamic-recrystallized grains with maximum hardness after aging. A steady-state heat transfer model of the FSW process is established in the COMSOL Multiphysics finite element package, where for modeling purposes a fixed tool approach [44] is employed by moving the workpiece towards the tool (Figure 3) . The tool tilt angle is zero. The plates are long enough to ensure the steadystate condition (i.e., as the tool passes through the joint line, there is enough time for the welded regions behind the tool to come to the final temperature equilibrium, resulting in a uniform temperature profile along the weld line). The aluminum alloy has temperature dependent yield strength as shown in Table 1 , and constant physical and thermal properties that are given in Table 2 [45] .
The FSW tool is made of steel with flat shoulder and cylindrical pin shapes. The thermal boundary conditions are illustrated in Figure 3 . The model geometry is symmetric around the weld, allowing to model only one alu minum plate and half of the tool [17] . It is considered that according to the experimental study by Woo et al. [15] , the temperature of 430 o C is the critical temperature that provides sufficient activation energy and kinetics for dissolution and coarsening of the strengthening precipitates during the process, thus causing the minimum hardness locations at the outer boundary of the HAZ (Figure 2) . Heat Capacity, (J/Kg-K) C P = 900 Equation (1) describes the steady-state heat transfer in the plate where a convective term (right-hand side) is included to account for the effect of material movement.
q represents the rate of heat source per volume, V T is the welding (transverse) speed. The model simulates the heat dissipation due to the interaction among the tool's pin and shoulder with the workpiece (surface heat of friction and volumetric heat of deformation) as a surface heat flux (space mapping) in the tool pin and shoulder (Colegrove et al.) [17] :
2 ) is the pin heat flux and μ is the friction coefficient between the pin and the workpiece, r p denotes the pin radius, ω refers to the pin's angular velocity (rad/ s), and   Y T is the average shear yield stress of the material as a function of temperature, T. The latter function is approximated by an interpolation of experimental data given in Table 1 . Equation (3) defines the local heat flux from the shoulder at the distance-r from the center axis of the tool (Colegrove et al.) [17] :
F n represents the normal force, A s is the shoulder's surface area, and T melt is the aluminum 6061 melting temperature (652 o C). On the right-cross section of the part (see also Figure  3 ) the temperature boundary condition is applied, whereas for the left-side cross section a convective flux boundary condition is used (i.e., the flux created in that cross-section moves out of the domain by movement of the plate compared to the tool). The upper and lower surfaces of the aluminum plates lose heat due to natural convection and surface-to-ambient radiation. The corresponding heat flux expressions for these boundaries are [46] :
Where h up and h down are the heat transfer coefficients for natural convection, T 0 is an associated reference temperature, ε is the surface emissivity, σ is the StefanBoltzmann constant, and T amb is the ambient air temperature. In the current model, the following values are used: 
Setting up the taguchi optimization problem
The nominal process parameters are chosen from reference [17] as follows: ω = 350 rpm, the transverse speed V T = 1.72 (mm/sec), and the axial force F n =11 kN, which produce the same peak temperature of 550 o C as reported in [17] . Next, we consider a ± 10 % variation around the nominal values to define two new levels for each of the above parameters as shown in Table 3 .
From a practical viewpoint, it is important to note that during numerical optimization one should not choose the FSW parameter ranges at extreme conditions (e.g., ±50% of the nominal/working condition), as they may correspond to failure modes in the actual weld as observed by Lakshminarayanan [9] :
 When the rotational speed is low, a wormhole at the retreating side of the weld nugget was observed, and it may be due to insufficient heat generation and insufficient metal transportation;  When the rotational speed is high, a tunnel defect was observed and it may be due to excessive turbulence caused by higher rotational speed;  When the welding speed was low, a pin hole type of defect was observed due to excessive heat input per unit length of the weld and no vertical movement of the metal;  When the welding speed was high, a tunnel at the bottom in the retreating side was observed due to insufficient heat input caused by inadequate flow of material;  When the axial force was low, tunnel and cracklike defects in the middle of the weld cross section in the retreating side was observed since insufficient downward force causes no vertical flow of material; and  When the axial force was increased beyond a threshold, a large mass of flash and excessive thinning were observed due to higher heat input. In order to reduce the number of simulation runs (3 3 = 27), the Taguchi L 9 orthogonal design [43] (shown in Table 4 ) is used to analyze the effect of each processing parameter (the rotational speed, the transverse speed, and the axial force) on the HAZ distance to the weld line of the friction stir welded joints. The ultimate goal is to minimize the distance of the points on the HAZ boundary having the critical temperature of 430 o C from the weld center line (as explained in Section 1). Since there may be several points (a contour) having the same critical temperature in each run, the HAZ distance to the weld line is measured as the maximum distance of a location with 430 o C on the mid plane to the weld line. For solving the finite element model in each run, 957 tetragonal normal elements (chosen through a mesh sensitivity analysis on the temperature response) and the stationary linear direct UMFPACK solver were used with 1867 degrees of freedom [46] . Table 4 shows the HAZ distance to the weld line in each of the nine runs dictated by the Taguchi L 9 design. The corresponding peak temperature for each case has also been included in the table. For illustrative purposes, the extracted regions of the weld having a temperature of 430 o C or higher for two sample runs are illustrated in Figure 4.
Results and Discussion
By plotting the main effects according to the values of Table 4 , it is readily seen from Figure 5 that according to the Taguchi method the lowest value of HAZ distance is achieved at the lowest level of rotational speed = 315 RPM, the highest level of transverse speed = 1.9 mm/sec, and the lowest level of axial force = 9.9 kN. Note that this combination was not among the original nine runs in Table 4 but the method has been able to capture the optimum based on the (base) L 9 orthogonal array. To validate the solution, a new simulation was run at the aforementioned optimum levels and the results were obtained as follows.
 the peak temperature = 458.98 o C, and  the distance of the HAZ from the weld center line = 2.56 mm which are the lowest for both criteria when compared to the original L 9 runs in Table 4 . It is seen that the minimization of HAZ distance criterion has automatically resulted in the minimization of the peak temperature criterion. The temperature distribution of the optimum solution is shown in Figure 6 and compared to run#9 for illu- stration purposes. The temperature distribution in Figure  6 between the two plates is symmetric as the effect of material movement around the tool is not considered in thermal models. Having a low peak temperature is occasinally refered to as cold FSW condition, which has been shown to yield higher formability in aluminum 6061 as Table 4 ). measured by the limited dome height (LDH) test [47] . The proportionality of the HAZ distance criterion and the peak temperature criterion is formally shown in Figure 7 using the optimization Pareto front. Finally, it is important to recall that the Taguchi method's assumption is that there are no significant interactions among design factors. While the above obtained optimum point implies the suitability of the method for the FSW problems, a full factorial design (i.e., with 3 3 runs) needs to be conducted to validate the assumption. Results of the full factorialsearch are shown in Table 5 (the highlighted value is the optimum response which is coincident with the Taguchi solution). 
ANOVA Analysis: Percentage Contribution of the Process Parameters
Following the ANOVA scheme used for the L 9 Taguchi method in reference [9] , the percentage contribution of each FSW process parameter on the peak temperature as well the HAZ distance to the weld line are calculated in the present case study. Detailed formulae of this analysis framework (which were not given in [9] ) are included in Equations (5)- (13) . The idea is that the original L 9 design is with four factors but here three factors are active. Thus, the effect of the fourth factor can be used to estimate a pooled error in the actual experiments. Subsequently, the sum of squares, SS, of the main factors should be adjusted to pure values, SS (i.e., without reflecting the error). The analysis results are summarized in Tables 6 and 7 , and graphically in Figures 8 and 9 . The rotational speed has the highest contribution on both peak temperature and HAZ distance to the weld line. It has been reported in other studies that the tool rotational speed ω also has a maximum contribution on the resulting weld material properties such as tensile strength [9, 41] . This suggests that the FSW rotational speed is a key parameter to control welding process characteristics such as peak temperature and the HAZ distance to weld line as well as the mechanical properties of the final welded part. By examining Equation (2) it can be seen that ω has a direct effect on the heat generation of the pin. In Equation (3) both ω and F n (axial force) have effects on heat generation of the tool shoulder. Thus, between the two parameters, one would expect that ω has more influence on the process response, as shown in Figures 8 and 9 . To scrutinize these effects further, in Figure 10 the distribution of surface heat fluxes on the pin and shoulder, pin q and shoulder q according to Equation (2) and Equation (3) respectively, are presented for the optimum solution point Figure 8 . Contributions of the process parameters on the peak temperature.
as indicated in Table 4 . According to Figure 10 , the maximum heat flux in the shoulder is 80% higher than that of the pin. Physically, the shoulder has higher radius compared to pin and the rotational speed of the tool causes a higher heat flux through the material shearing and frictional heat.
Remark: From a statistical standpoint, in the presence of interactions (which were not significant in this case study as shown), the ANOVA formulation outlined abo-ve on the Taguchi method with pooled error can be used to explore the main effect percentage contributions that one would identically obtain from a full factorial analysis. This means saving a significant amount of time to identify the process parameters effects by conducting only a Calculation of percentage contributions in the L 9 design with three active factors: 
( xi y is the i-th level average response of the corresponding factor x in the design) 
Error Error
SS SS DOF MSS SS SS
Similarly, Table 6 . ANOVA results on the peak temperature response using the values of fraction of a full factorial design (here 9 vs. 27 runs).
Conclusions
After a review of prediction and optimization models of FSW, the Taguchi optimization of a FSW process was conducted on a temperature field for the 6061 aluminum alloy. The (auxiliary) full factorial analysis of the process confirmed that the result of the Taguchi optimization is efficient and no significant interaction effects are pre-sent when the objective function comprises temperature field characteristics of the weld such as the HAZ distance to the weld line and/or the peak temperature in the workpiece. Contributions of the process parameters on both criteria were found to be comparable in the conducted case study; namely, the tool rotational speed showed the highest significance, followed by the normal force and the welding transverse speed. The variation of the rotational speed of the tool resulted in a 51% contribution on the HAZ distance to the weld line. The minimized peak tem-perature of 458. While the application of optimization techniques on FSW reveals an increasing trend in the literature, it is important to recognize practical limitations of the process parameters. An example of such problem is excessive welding speed which can practically mean the risk of void creation in the weld line. Such phenomena cannot be modeled with, e.g., pure thermal or CFD models and a given optimizer may overestimate the practical range of the welding process. Consequently, while care should be taken in defining realistic ranges of process variables during numerical optimization routines, further research is needed on advancing multi-scale finite element modeling techniques to include FSW process defects.
